Abstract-A new type of low-profile frequency selective surface (FSS) with an overall thickness of λ/40 and a second-order band pass frequency response is presented. The proposed FSS is composed of two metal layers, separated by a thin dielectric substrate. Each layer is a two-dimensional periodic structure with sub-wavelength periodic unit cells. By printing the same topology on each side of the substrate, a second-order frequency response is realized. To provide a physical insight into the operating mechanism, equivalent circuit networks are also investigated in each step of design procedure. Using the proposal technique, low profile and reduced sensitivity to angle of incident wave for both TE and TM polarizations are obtained and the overall thickness of the substrate is fairly thin. FSS samples are designed, fabricated, and installed in waveguide operating at X-band and a good agreement between the simulated and measured results is achieved.
INTRODUCTION
Frequency selective surfaces (FSSs) structures are regarded as the free space counterparts of microwave filters [1] . A typical FSS structure consists of an array of patches printed on a thin dielectric layer [2] [3] [4] . The transmit-and reflect-band frequencies depend on the patch and unit cell size. A complementary structure with apertures on the conductor is also used as an FSS [5] . The FSS structures are commonly used as antenna radomes to eliminate undesired frequency components. They are also used in dual-band Cassegrain reflector systems [6, 7] . The principle of operation of an FSS is very similar to that of a waveguide filter. An infinite array of conducting patches is equivalent to a shunt susceptance in response to a plane wave incidence. Operation of a single-layer FSS relies on the magnitude of the susceptance that is a function of the operating frequency. A transmit band exists if the susceptance has a small magnitude that would allow signal transmission.
A high susceptance yields a reflect band. In a multilayer FSS the separating distances between the layers also play an important role in determining the transmit/reflect-band frequencies [8] . In traditional FSSs such as resonant dipoles of different shapes [9] , and Jerusalem cross [10] and resonant loop, the unit cells inter element spacing generally correspond to half a wavelength at the desired frequency of operation. Recently a new method for designing frequency-selective surfaces has been proposed in [11] and further developed in [12, 13] . Instead of using resonant structures special subwavelength unit cells are employed. In this paper, a new type of subwavelength miniaturized-element frequency selective surface (MEFSS) is presented. Initially, a first order bandpass FSS is designed using metallic square loops and wire grids which are printed on the same side of an electrically thin substrate. The order of the response could be increased by cascading two or more layers of FSS, to achieve a higher order bandpass response. Each side of FSS represents a band-pass LC circuit and act as a first-order band-pass filter. The separation distance between the two FSS surfaces, (unlike traditional FSSs) can also be miniaturized. Comparing the proposed FSS with structure in [14] [15] [16] , the distances between the unit cells are reduced by an amount of approximately 40% leading to a significant reduction of sensitivity to the incidence angle. Figure 1 demonstrates the prototype of the first-order bandpass Miniaturized-Element FSS (MEFSS). This FSS structure consists of metallic square loops and a wire grid etched on the same side of a Taconic RF-35 substrate with ε r = 3.5, tan δ = 0.0018. This first-order band-pass FSS has a single metal layer supported by an electrically thin dielectric substrate. The thickness of the substrate is h = 0.762 mm.
FSS DESIGN
Unit cell of this two dimensional periodic structure is depicted in Figure 2 . The periodicity distance of the unit cells in both x and y directions are D. It is observed that the structure is symmetric with respect to x and y axes. Table 1 demonstrates the optimized parameters values of a unit cell. The equivalent circuit model for the square loop array is a series LC circuit [17, 18] . The inductive part (L g ) of this model is produced by the strips on each side, whereas the Figure 1 . Each unit cell is composed of a single LC loop inside a section of the mesh grid. The structure is designed to be polarization insensitive at normal incidence.
capacitive component (C 1 ) is created by the short gaps located between the loops and the wire grids. Moreover, due to the presence of the wire grid in the vicinity of the loop array, this series LC circuit will parallel with another inductive element L g . The dielectric substrate and free space on both sides of the MEFSS are modeled by transmission line lengths. The characteristic impedance and the length of the substrate transmission lines are represented by Z 1 = Z 0 / √ ε r and, h (substrate thickness), respectively. The equivalent circuit model of the first order bandpass MEFSS is presented in Figure 3 (a). This equivalent circuit is composed of quasi-lumped capacitors and inductors. Each transmission line can be modeled by lumped elements as indicated in Figure 3 (b) [19] . In this model, dielectric and Ohmic losses are Figure 3 . The equivalent circuit model for (a) the first-order bandpass MEFSS and (b) first-order bandpass MEFSS and dielectric substrate for normal incident waves. L g is the wire grid inductances, C T and L T model the dielectric substrate [19] . Figure 4 . Also, this figure illustrates the full-wave simulations preformed by CST. In Table 2 equivalent values are presented. These values are achieved in order to exhibit a first-order band-pass frequency response that conforms well with full-wave simulations. The full wave simulation is performed regarding the normal incident wave angle. Also, the equivalent circuit model described by Figures 3(a) and 3(b) is only valid for normal incident waves. As observed from Figure 4 , a null is achieved near 12 GHz. Which corresponds to the short circuit frequency of the series
As mentioned earlier, the series LC circuit is the equivalent circuit model for the square loop array.
The frequency response of the series LC exhibits a band-stop feature. Through the addition of the wire grid (L g inductance) in the gap between the square loops, a null will appear at low frequencies. Therefore, the MEFSS depicted in Figure 2 demonstrates a first-order bandpass frequency characteristic. Here, the transmission line model Table 2 . Table 2 . Equivalent values for two model presented in Figure 3 . 
which is found to be f p ≈ 9.44 GHz. C T and L T values can be extracted from the following formulas [19] :
The above equations are solved for L T and C T , with the values listed in Table 2 . As can be seen, the resulting values are insignificant. Also L g is obtained by [20] 
Layer 2 Figure 5 . The equivalent circuit model for the second-order bandpass MEFSS.
where β is the dielectric phase constant, h the dielectric substrate thickness, D the period of the structure, µ 0 the free space permeability, µ eff the effective permeability, and w the half of strip width. As can be seen from Table 2 , there is a good agreement between the extracted model parameters and corresponding formulas. The second step of the design procedure is realization of a second-order frequency response without increasing the MEFSS size. Similar to the traditional FSS, it is necessary to cascade two identical first-order FSSs. Unlike the conventional FSS which needs quarter wavelength spacing between FSS panels in order to realize a second-order bandpass FSS, we have printed two panels of first-order band-pass FSSs on two sides of the same substrate with h = 0.762 mm. Using this technique, a second-order ultra low-profile band-pass MEFSS is obtained. The equivalent circuit model for the second-order bandpass MEFSS may be achieved by extending the model presented in Figure 3 . As the second MEFSS panel is printed on the other side of the substrate, it is necessary to duplicate the equivalent circuit of the MEFSS panel along the transmission line model elements of the previous panel (as shown in Figure 5 ). Besides, it is necessary to add another capacitance between the two panels to model the electric interaction between the layers. An inductance is also considered in order to model the magnetic interaction between the layers.
The transmission coefficient of the second-order dual-band MEFSS is calculated by both methods (equivalent circuit model by ADS and full wave simulation by CST), and presented in Figure 6 . Which shows a very good agreement between the results. The element Figure 6 . Transmission coefficient of the second-order bandpass MEFSS. Full-wave simulation by CST and equivalent circuit analyzed by ADS (Figure 5 ), where the element values are according to the Table 3 . Table 3 . Equivalent values for second-order bandpass presented in Figure 5 . Table 3 . Figures 7(a) , 7(b) show the transmission coefficients of the FSS when a transverse electric (TE) and magnetic (TM) polarization wave is incident upon its surface with different angles of incidence, respectively (θ = 0 • represents the normal incidence). The FSS response does not significantly change for incidence angles in the range of ±60 • off bore-sight. At normal incidence, the two polarizations have exactly the same response, since the FSS structure is rotationally symmetric. As the angle of incidence increases, however, the response of the structure for the two different polarizations will change. For the TE incidence, as the angle of incidence changes, the wave impedance varies as following equation:
Therefore, for large incidence angles, the loaded quality factor of the parallel resonators of Figure 5 increases or equivalently the bandwidth of each resonator decreases. This is evident from Figure 7 FSS bandwidth corresponding to each transmission pole is reduced and consequently the pass-band ripple is increased. The wave impedance for the TM polarization, however, varies as following equation:
Therefore, for large incidence angles, decreases in the TM mode resulting in the broadening of the FSS bandwidth as observed from Figure 7 (b). The unit cell dimensions of the FSS are Dx = Dy = D = 5.3 mm, which is slightly smaller than λ 0 /5, where λ 0 is the free space wavelength at 10 GHz. To further reduce the sensitivity of the response of the FSS to the angle of incidence, the unit cell size of the FSS can further be miniaturized. This is accomplished by reducing the unit cell dimensions while maintaining the effective capacitance and inductance values. If the unit cell size, D, is decreased, the capacitance value can be maintained by decreasing the spaces between the rings, or increasing the effective side length of the capacitor. Decreasing the spacing is feasible in theory but is limited by fabrication techniques used.
EXPERIMENTAL VERIFICATION AND MEASUREMENT RESULTS
In order to avoid errors in the frequency response characterization of the FSSs, arising from the edge diffraction, the general approach is to use a metallic waveguide suitable for the desired band. Following the same approach, a section of FSS, almost equivalent to eight unit cells of proposed FSS, are enclosed inside a rectangular waveguide and the corresponding frequency response is measured. The advantage of this method is that the waveguide presents an enclosed environment which can be measured with high accuracy. For this purpose, the setup of Figure 8 is employed. A WR-90 waveguide is used and FSS section is placed inside the waveguide. The equivalent circuit of the element embedded in waveguide is parallel combination of an inductor and a series LC that are separated by a short length of transmission line. In this case, however, it is important to notice that Z 0 and Z 1 , as shown in Figure 3 (a) or Figure 5 , must be replaced with Z 0TE10 and Z 1TE10 , where Z 0TE10 and Z 1TE10 are the TE 10 mode impedances of the air-filled waveguide and the dielectric, respectively. Nevertheless the TEM plane waves used in the simulation of infinite FSS structures are inaccurate in this case; because the WR-90 waveguide does not support a single TEM wave and the simulated results do not provide the response at normally incident TEM wave, but they typically demonstrate the frequency response of the secondorder FSS at oblique incidence illuminated by two plane waves. This structure can be regarded as a second-order bandpass waveguide filter. A good agreement is, however, obtained between the predicted and measured results which validates the design methodology and accuracy of the simulation results. The frequency response of this second-order waveguide filter is simulated using HFSS and its response is measured using the setup shown in Figure 8 . The measured and simulated results are presented in Figure 9 , and a very good agreement. The measurement results show that FSS waveguide filter has an insertion loss of 0.5 dB, which is mainly attributed to Ohmic and dielectric losses of structure. The minor discrepancies might be ascribed to fabrication tolerance in the implementation and assembly of the FSS section into the waveguide. 
CONCLUSION
In this paper, a frequency selective surface with miniaturized elements is presented. These elements can be used in low power waveguide filters. A new technique was adopted to achieve second-order bandpass responses using low-profile configurations. Resonant elements are, unlike the traditional FSSs that make use of resonant dipoles or slot structures, made up of two layers of spatial quasi-lumped elements.
The principles of operation of FSS along with measurement results of the typical structure are demonstrated, and validity of the design method is confirmed. The proposed structure exhibits lower sensitivity to the incidence angle than the traditional ones.
